Introduction
Self-assembled monolayers (SAMs) of ω-functional alkyl thiols have been extensively studied as monolayer materials for attaching desired functions to the electrode surfaces. A ferrocene-terminated SAM (Fc-terminated SAM) is one of the most common electrochemically active SAMs forming on gold surfaces, which have been studied by many groups. [1] [2] [3] [4] [5] The terminal Fc groups exhibit a definite redox reaction whose dependences on electrolyte solution and alkyl chain length have been studied mainly by cyclic voltammetry (CV). On the other hand, several in situ techniques including infrared reflection adsorption spectroscopy (IRRAS), [6] [7] [8] [9] quartz crystal microbalance (QCM), 9-11 ellipsometry 12, 13 and subtractively normalized interfacial Fourier transform infrared spectroscopy (SNIFTIRS), 14 have been employed to elucidate property changes of the Fc-terminated SAMs caused by oxidation and reduction of the monolayer. Despite the simplicity of the reaction itself, the reaction changes several properties of the layer including layer thickness, refractive index and hydrophilicity. 12, 14 Based on such findings, some interesting applications have been recently reported using the Fc-terminated SAMs. For example, Yamada et al. manipulated nitrobenzene droplets on the Fc-terminated SAM-coated gold electrodes by controlling the wetting gradient developed by utilizing redox reaction of Fc groups. 15, 16 As mentioned above, CV is the most-used electrochemical technique for detecting redox reactions of the electrochemically active SAMs, since potential sweep allows detection of electrochemical responses with high sensitivity and short measurement time. Most of the above-mentioned in situ techniques have been employed by sweeping the electrode potential with the CV technique in order to explain the obtained results by making connections with the electrochemical properties of the SAMs. However, the Fc-terminated SAMs do not always show electrochemically reversible responses since these are affected by desolvation and ion-pairing processes of anions. [3] [4] [5] If one would like to conduct kinetic study on electrochemical reactions, it would be better to choose electrochemical measurements conducted by applying constant potential to the electrode. In situ measurements are appropriate methods to obtain kinetic information under polarization at constant potentials; however, fluctuations of data caused by some reasons sometimes make it difficult to conduct measurements for a relatively long time.
The purpose of this study is to develop an in situ measurement system allowing detection of electrochemical reaction of the SAM-coated electrode under polarization of the electrode at constant potentials to obtain thermodynamic and structural information of the SAM. For this purpose, obtained signals are required to be sufficiently stable for prolonged measurement periods. In this study, we found that surface plasmon resonance (SPR) was the most viable candidate for such measurements. The SPR is an electromagnetic charge density wave along the interface of metal and dielectric medium and it can be used for surface characterization. Excitation of surface plasmon is made by putting light into an optical device called an attenuated total reflection (ATR) coupler with various incident angles. 17 The reflectance gives the minimum value at a resonance angle, which is quite sensitive to changes in physical properties of the metal surface and the contiguous substance. Then, the prominent sensitivity has been utilized widely for biological investigations including antigen-antibody reactions and enzymatic reactions without labeling reagents. [18] [19] [20] A commercial system for surface plasmon resonance (SPR) possessing a batch-type flow channel has been simply modified so as to conduct in situ SPR measurements under polarization of an Au sensor chip at constant potentials. The modified instrument can monitor electrochemical reactions of monolayer materials with high stability and high reproducibility. The redox reaction of a self-assembled monolayer (SAM) of 6-ferrocenyl-1-hexanethiol (FcHT) induced the resonance angle shifts, the magnitudes of which accorded with the Nernst equation. The measurements in electrolyte solutions containing different electrolyte anions revealed that the SPR measurements detected ion pairing of electrolyte anions with oxidized FcHT. In cases of measurements in alkylsulfonic acid solution, simulation of the results based on the N-layer model has clarified that alkylsulfonate anions make an assembled layer on the FcHT SAM. sensing area within hundreds of nanometers from the metal surface, allows elimination of unnecessary factors in the bulk solution, giving high signal to noise ratios for the detection of surface property changes. In fact, studies on combination of the SPR with electrochemical system have already been reported for the studies of a gold electrode itself [21] [22] [23] and the electrodes modified with polymers [24] [25] [26] and enzymes. [27] [28] [29] However, many of them have used measurement systems constructed by attaching homemade SPR systems to the electrochemical 3-electrode cells. Those instruments can definitely detect changes in electrode surface conditions during CV measurements.
At present, various kinds of SPR systems have been commercially available for biological analysis. They are elaborately designed to obtain sensitivity and stability that are high enough to detect small and slow changes caused by the reactions at a monolayer substance immobilized on a gold surface. In this study, then, we constructed an in situ electrochemical SPR system by making small modifications to a commercially available biological SPR system. In the case of SPR, there are no structural limitations on the solution side because laser light is put from the glass side of the ATR coupler. Furthermore, the biological SPR system has usually a thin flow cell that works well for eliminating noise from bulk solution, allowing analysis with high sensitivity and high stability. Such performance is also desired for detecting electrochemical reactions of a monolayer substance under steady-state polarization. A commercial SPR system possessing a batch-type flow channel was chosen for conducting electrochemical reactions in electrolyte solution at rest. In addition, this system had no pumping function, which allowed us to make easily the modifications of the instrument including attachment of electrodes to the flow patch. By using the constructed SPR system, we examined the redox reaction of Fc-terminated alkylthiol SAMs by applying constant potentials. Then, the resonance angle shifts of the SAMs were observed as a function of electrode potential. As will be shown, it was possible to elucidate oxidation ratios of Fc groups in the SAM and the structure of the oxidized SAM forming ion-pairs with electrolyte anions.
Experimental
A commercial SPR system with the Kretschmann configuration (Nano Sensor; NL-SPRNANO) was purchased from Moritex Co., Ltd. The angle resolution of this instrument guarantees 0.001˚ for measurement period of 1000 s, which is superior to performance of the homemade SPR units built in the threeelectrode cells. The overall image of the electrochemical SPR system that we fabricated in the present study is shown in Fig. 1 . The ATR coupler was a BK7 half-cylindrical glass prism on which a sensor chip was attached. The sensor chip was a slide glass coated with a chromium lower layer (2 nm thickness) and a gold upper layer (50 nm thickness). A part of the gold surface (0.055 cm 2 ) was exposed to solution through an O-ring window and the solution was injected and drained through a batch-type flow channel consisting of an injector and poly ether ether ketone (PEEK) tubes (φ = 0.25 mm). A beam from a laser diode (λ = 670 nm) was P-polarized and put into the ATR coupler. The reflected light was detected with a photodiode detector. A reference electrode of Ag|AgCl|3 M NaCl (BAS, RE-3C) and a counter electrode of a Pt coated stainless tube were attached to the injection side and the outlet side of the flow channel, respectively, so as to apply potentials to the gold surface of the sensor chip by a potentiostat (Hokuto Denko HA-151). Since the solution space on the sensor chip was very thin (< 1 mm), the inlet tube, to which the reference electrode was attached, worked as the Luggin capillary reducing effectively the IR drop.
6-Ferrocenyl-1-hexanethiol (Dojindo Laboratories), nhexanethiol (Wako Pure Chemicals), methanesulfonic acid (Tokyo Chemical Industry, TCI), toluenesulfonic acid (TCI), dodecylbenzenesulfonic acid (TCI), potassium hydroxide (Wako Pure Chemicals), perchloric acid and sulfuric acid were of reagent grade and were used without further purification. Sodium n-alkylsulfonates (CH3-(CH2)n-SO3Na with n = 2, 5, 8, 11) were acidified using protonated ion-exchange resin (ORGANO, AMBERLITE IR120B NA) to obtain the corresponding n-alkylsulfonic acids. Ethanol (Wako Pure Chemicals) was purified by distillation. Water used for preparing aqueous solutions was purified by a Milli-Q Gradient A10 (ρ = 18.2 MΩ cm −1 ).
When a thiol SAM was formed on the sensor chip surface, an ethanol solution containing the thiol in 3 mmol dm −3 was injected into the flow channel and the solution was kept on the sensor chip for 2 to 3 h. Then, the flow channel was rinsed by injection of excess amounts of ethanol and water.
The SPR measurements under polarization of the sensor chip were conducted after injection of the electrolyte solution that was suitable for each experiment. The electrolyte solution was deaerated by N2 bubbling for at least 15 min prior to injection. The SPR sensor chip was polarized at fixed potential for 50 s or more until the resonance angle became constant. The measurements were repeated by changing polarization potential to know relationships between resonance angle shifts and applied potentials.
Results and Discussion

Cyclic voltammetry of ferrocenylalkylthiol SAM-coated electrodes
A 6-ferrocenyl-1-hexanethiol (FcHT) SAM-coated electrode is known to show redox waves in cyclic voltammograms. It was, however, found that its shape was largely influenced by the kinds of electrolyte solutions. Typical cases are shown in Fig. 2 , where cyclic voltammograms of the FcHT SAM-coated gold electrode taken in 0.1 M HClO4, 0.1 M H2SO4 and 0.1 M 5 According to their report, an increase in hydrophilicity of electrolyte anion causes more positive shift of peak potentials and more wave broadening. In case of hydrophilic anions, since their actual sizes become large by hydration in water, they can not compensate all positive charges of closely packed Fc + groups of the SAM generated by oxidation. Eventually oxidation reaction results in only partial oxidation of Fc groups with large overpotential, giving positive peak potential shift and wave broadening.
The cyclic voltammogram taken in dodecylbenzenesulfonic acid gave distinct redox waves. This behavior is comprehensible because hydrophobic dodecylbenzenesulfonates should make ion pairs with all Fc + groups on the SAM layer. Nevertheless, slightly asymmetric waves and their positive shift were observed, as compared with the voltammogram taken in HClO4 solution. As will be shown below, our in situ electrochemical SPR measurements have revealed that dodecylbenzenesulfonates making ion pairs with Fc + groups form a packed monolayer on the Fc + HT SAM. Formation of such the bilayer-like structure upon oxidation may influence the voltammogram shape, although its details are unknown.
SPR measurements of FcHT SAM under constant potentials
The FcHT SAM was formed on the sensor chip of SPR and its SPR measurements were conducted while applying a constant potential to the chip. Figure 3 shows the time course of resonance angle shifts caused by changing polarization potential. Results obtained in 0.1 M HClO4 and 0.1 M dodecylbenzensulfonic acid solutions are depicted.
The electrode potential was kept at 0 V vs. Ag|AgCl for 100 s, and then it was jumped to 0.6 or 0.3 V, which was kept for 200 s. Then it was changed back to 0 V. Since angle shifts were observed when the applied potential was changed from 0 to 0.6 V, which is across the redox potential of Fc + /Fc (0.35 V), property changes caused by oxidation of Fc groups induced the angle shifts. On the other hand, the potential change from 0 to 0.30 V in dodecylbenzensulfonic acid solution should cause partial oxidation of Fc groups in the SAM. In this case, it took about 100 s to obtain constant resonance angle, whereas application of 0.6 V, which induced full oxidation, gave a larger and faster angle shift. Comparison of two results obtained by application of 0.6 V revealed that the magnitude of angle shift obtained for dodecylbenzenesulfonic acid solution was clearly larger than that for HClO4 solution. The reason for this will be discussed below. In all cases, the angle shift went back to 0 when electrode potentials were returned to 0 V, indicating that detection by our SPR system was very stable even under the polarization conditions for 5 min or more. Such a situation allowed us to detect property changes of monolayer material by stepwise changes of polarization potential.
The SPR measurements under polarization at different potentials were conducted and the obtained angle shifts were plotted as a function of electrode potential. The results obtained in HClO4, H2SO4, nonanesulfonic acid and dodecylbenzenesulfonic acid solutions are shown in Fig. 4 . Resonance angles were collected after polarizing the sensor chip electrode after the resonance angle became constant. In the potential steps by 0.05 V, ca. 50 s was sufficient to obtain constant angle values. It can be noticed that there is a little discrepancy between the angle values obtained at 0.3 V shown in Figs. 3 and 4 . The angle changes obtained by sequential potential changes (i.e. Fig. 4 ) indicated high reproducibility, but those obtained by large potential changes (i.e. Fig. 3 ) gave relatively large fluctuations. As will be mentioned later, oxidation of the FcHT SAM in solution containing anions having long alkyl chain gives a bilayer-like structure. The sequential potential changes are probably more desirable for forming a uniformly packed anion layer. As a control experiment, measurements of n-hexanethiol (HT) SAM-coated sensor chip in HClO4 solution were conducted and the results are also given in the same figure. The HT SAM having no redox activity gave negligible angle shift in this potential range. On the other hand, FcHT SAM-coated sensor chip gave sigmoid plots for all electrolyte solution, but where E is applied electrode potential, E 0 ad is the standard potential of adsorbed species and Γ0 and Γ are the surface concentration of oxidized Fc and that of total Fc, respectively. Furthermore, by assuming that the observed resonance angle shift is proportional to Γ0/Γ, one can draw fitting curves as shown by the solid lines given in Fig. 4 . As recognized, all curves fitted well to plots of the angle shifts for all cases. The E 0 ad value estimated for FcHT SAM in HClO4, H2SO4, nonanesulfonic acid and dodecylbenzenesulfonic acid solution were, respectively, 0.35, 0.37, 0.39 and 0.33 V, which are close to each other. These results suggest that the FcHT SAM exhibits a redox reaction obeying the Nernst equation under polarization at constant potentials even in electrolyte solution where peculiar CV shapes were obtained. This fact had been assumed but experimental results indicating this were not yet reported. The finding that in HClO4 solution redox potential estimated by CV (0.37 V) was close to the above mentioned E 0 ad value (0.35 V) supported the assumption reported in other papers that cyclic voltammetry of Fc-terminated SAM gives an almost reversible redox wave in HClO4 solution. 2 It was also noteworthy that the magnitude of the resonance angle shift clearly increased with an increase in size of the anion species which should form ion pairs with Fc + groups (Fig. 4) . We also examined the resonance angle shift caused by oxidation of Fc group in some other alkylsulfonic acid solutions. Table 1 shows the resonance angle shifts caused by the oxidation of FcHT SAM in various solutions. The resonance angle shift increased in accordance with an increase in methylene chain length of anion, suggesting that our electrochemical SPR instrument can detect changes in the SAM structure caused by ion pairing upon oxidation of Fc groups.
Structure of ion pairing upon oxidation of ferrocenyl groups
To obtain information of the structure of the SAM forming ion pairs in nano order, we introduced numerical simulations of the SPR angle-reflectance curve using the N-layer model. 30, 31 This model deals with SPR components and analytes as stacked layers. Since all layers affect the surface plasmon, the refractive index of each layer is needed for the simulation. Thickness values are also required for the layers that are sandwiched between two outer layers. As a basic rule, the tangential component of electromagnetic field is the same between two layers at the boundary. Then, an electromagnetic wave at a boundary can be described by multiplying electromagnetic field at the adjacent boundary by the thickness and the refractive index of the layer between two boundaries as
where Uk and Vk are, respectively, the tangential components of the electric field and the magnetic field at the boundary between the layer k and k + 1. Mk is the matrix characteristic of thickness and refractive index of each layer, and βk and qk are functions having thickness, refractive index and incident angle as parameters. Repetitive application of the above equation gives an overall relationship about the layers as
where multiplication of all Mk gives
Uk and Vk at each boundary are vectorial sums of incident (Uk + , Vk 
Then, solution of the above two equations gives the reflectance of layer 1. The incident angle was stepwise changed by 0.001˚ to draw simulation curves of Rp. Then an angle giving the lowest Rp value is the resonance angle.
In our experimental case, it seems to be appropriate to consider 4 or 5 layers, as shown in Fig. 5 , for analyzing the ion pair formation on the FcHT SAM. Water and BK7 glass are the outer layers and their refractive indices are known. Ohtsuka et al. have studied physical properties of 11-ferrocenyl-1-undecanethiol SAM with the dynamic ellipsometry measurements. 12 In their experiment, the SAM and the electrolyte anions were regarded as one continuous layer, allowing the evaluation of both refractive index and thickness separately by single wavelength ellipsometry and reflectance measurements. Oxidation of 11-ferrocenyl-1-undecanethiol SAM induced changes in refractive index from 1.47 + 0.075i to 1.47 + 0.080i and changes in thickness of the SAM from 2.9 to 3.2 nm, the former of which was attributed to changes in absorbance of Fc groups.
In our case of FcHT SAM, its oxidation in sulfuric acid solution gave a definite resonance angle shift by 0.054˚. The resonance angle includes information of both refractive index and thickness, which can not be separated from only SPR data. However, if the above mentioned refractive index data of 11-ferrocenyl-1-undecanethiol SAM obtained by ellipsometry measurements are applied to FcHT SAM with considerations of difference in the layer thickness, the thickness information of FcHT can be estimated from SPR data; the resonance angle shift of 0.054˚ corresponds to a change in the SAM thickness from 1.60 to 1.95 nm. The increase in thickness by 0.35 nm was roughly the same as that observed by ellipsometry measurements of 11-ferrocenyl-1-undecanethiol SAM, suggesting that the thickness change upon oxidation is not largely affected by the alkyl chain length of the Fc-terminated thiol SAM.
The change in thickness of Fc-terminated thiol SAM is still a matter of argument. Ye et al. attributed the increase in thickness to changes in tilt angles of alkyl chains caused by oxidation of the terminal ferrocenyl group. 8 Viana et al. claimed that conformational change of the terminal ferrocenyl group is dominant for the thickness change.
14 From such viewpoints, our SPR results seem to support the latter assumption. However, both considerations were not attentive to contributions of electrolyte anions to the thickness change due to oxidation, which has become obvious in the present study.
When we used alkylsulfonic acid solutions, plots of magnitude of the resonance angle shift caused by oxidation as a function of number of methylene in alkyl chain gave the relationship shown in Fig. 6 . Apparently the resonance angle shift is proportional to the length of alkyl chain, allowing us to speculate that alkylsulfonate anions make an assembled layer on the Fc + HT SAM, as shown in Fig. 5(c) . The slope of the linear relationship in Fig. 6 is 0.0055˚ per number of methylene groups, which is attributable to the change in refractive index or layer thickness. However, since it is not plausible that the elongation of alkyl chain influences the refractive index, an increase in thickness should be the dominant factor for the resonance angle shift.
The SPR measurement can not give the independent parameters of a multilayer. However, some attempts of the numerical simulation were made based on the layer model shown in Fig. 5(c) . The molecular density of the Fc-terminated thiol SAM is smaller than that of n-alkylthiol SAM because of the presence of large Fc groups. Electrical charge measured by potential sweep method revealed that the surface concentration of the Fc-terminated SAM was 58% of n-alkylthiol SAM. Since the alkylsulfonate anions and the Fc + HT molecules make 1:1 ion pairs, molecular density of the former should be the same as that of FcHT. If the alkyl chains of the electrostatically adsorbed species make stacked layer by their tilting so as to obtain the same density as that of n-alkylthiol SAM, increase in one methylene unit of the alkyl chain would contribute a 58% increase in thickness as compared with the case of n-alkylthiol SAM. In the latter case, one methylene unit contributes ca. 0.11 nm increase in the SAM thickness when the tilt angle of ca. 30˚ was considered. 32 Then, ca. 0.06 nm increase in the thickness is deduced for the alkylsulfonate layer on the FcHT SAM. The numerical simulation of the results shown in Fig. 6 with use of this thickness decided the refractive index of 1.415, that of which was smaller than that of the n-alkylthiol SAM (n = 1.46). But it is close to nonane or dodecane in liquid state (n = 1.40 -1.41). That might indicate the weak packing force of the alkyl layer compared to n-alkylthiol SAM or the existence of water molecules among the alkyl chains of the alkylsulfonate layer.
Conclusions
The reactions investigated in the present study were redox reactions of ferrocene-terminated alkylthiol SAM. Monitoring of redox reactions of 6-ferrocenyl-1-hexanethiol (FcHT) by the resonance angle shifts gave results in good agreement with the Nernst curve. In the case of the reactions in alkylsulfonic acid solution, the N-layer model was applicable for simulating the resonance angle shifts, allowing us to conclude that alkylsulfonate molecules, which form ion pairs with Fc + groups, formed an assembled layer on the FcHT SAM. In that case, since it is likely that the assembled layer formation takes some time, in situ SPR measurements under polarization at constant potentials would be better than those combined with time transient measurements like cyclic voltammetry. In other words, the SPR measurements under polarization at constant potentials are useful for elucidating thermodynamic properties of the monolayer materials.
Cyclic voltammetry is the most useful method for investigating electrochemical responses of the monolayer materials because of its ease and high sensitivity. However, the obtained results always include information of the reaction dynamics. To understand fully electrochemical behavior of the monolayer materials, we sometimes meet situations that demand elucidation of kinetic parameters. The SPR system we constructed in the present study should be useful in such situations. In addition to monitoring electrochemical reactions of the monolayer materials, our SPR system would be capable of investigating effects of electric field on chemical phenomena such as antigenantibody reactions and adsorption of substances to inorganic substrates or polymer materials. It also will be interesting to study redox proteins, which often show irreversible responses in cyclic voltammetry, under the condition of constant electrode potentials. Such studies might lead more precise understanding of redox reactions of biomolecules. Investigations focusing on such viewpoints are underway.
